Obesity is a known risk factor for the development of hepatic disease; obesity-induced fatty liver can lead to inflammation, steatosis and cirrhosis and is associated with degeneration of the mitochondria. Lifestyle interventions such as physical activity may ameliorate this condition.
Introduction
The United States is chronically underactive and overfed, specifically in the consumption of fats and sugars, leading to a dramatic increase in obesity and Type 2 Diabetes Mellitus (T2DM) (Centers for Disease Control 2007). Obesity is a risk factor for the development of fatty liver disease, the diagnosis of which has correspondingly risen with obesity (Almeda-Valdes et al. 2014) . Liver derangements as a result of obesity often include: reduced mitochondrial β-oxidation, oxidative stress, inflammation and reduced cellular health (Lavoie et al. 2006a) .
Hepatic lipid accumulation can begin as nonalcoholic fatty liver disease (NAFLD), but progress to nonalcoholic steatohepatitis (NASH), cirrhosis and eventually liver failure (Mokdad AH 2003) . Currently, there are no pharmacological treatments once NASH has developed. Therefore, it is necessary to better define the hepatic derangements that occur in pre-steatotic conditions. Mitochondria appear to be one of the key regulators of hepatocyte health. Insulin sensitivity is correlated with mitochondrial health in muscle and liver (Pessayre 2007) ; therefore, maintenance of mitochondrial quality, which we define as the health and functional ability of the mitochondrial network, may be imperative to preserve cellular function. Mitochondrial quality is regulated by multiple processes including mitochondrial biogenesis, dynamics, and mitochondrial autophagy (mitophagy) -mitochondrial quality control. Prior research suggests aberrant mitochondrial biogenesis following high-fat or high-sugar diets in animal models in liver (Rector et al. 2010; Rector et al. 2011) . Mitochondrial dynamics refer to the fusion of mitochondria to share cellular components and the removal of damaged mitochondrial components through the process of fission (Westermann 2010) . Previous work investigating mitochondrial dynamics in liver models with relation to high fat feeding have found detrimental D r a f t 4 increases in mitochondrial fission (Galloway et al. 2014; Xu et al. 2014; Wang et al. 2015 ). Yet, the impacts of exercise and physical activity (PA) on hepatic mitochondrial dynamics warrants further investigation. Finally, selective autophagy, a primary mechanism for removal of damaged proteins and organelles (Mizushima et al. 2008) , is key to maintenance of cellular function. Various studies have suggested that autophagy may be an important regulatory mechanism for the progression of obesity-induced NAFLD (Lavallard and Gual 2014) . Glick et. al (Glick et al. 2012 ) demonstrated that knockout of BNIP3, a gene imperative for mitophagy, in young mice resulted in liver steatosis compared to their wild type littermates under normal feeding conditions, indicating the importance of mitophagy in hepatic health. However, the impacts of lipid-induced toxicity on hepatic autophagy have not been fully elucidated, as both increases and decreases in autophagy have been noted following lipid overload (Cai et al. 2014; Baena et al. 2015) . Lira et al. (2013) have demonstrated in muscle that exercise training enhances basal autophagy, including mitophagy, which appears necessary for training-induced adaptations. Recently, Gonclaves et al. (2016) have found voluntary wheel running and treadmill running to improve derangements in hepatic autophagy during NASH conditions. However, the role of PA with regard to hepatic autophagy function warrants further investigation during pre-steatosis conditions.
We recently examined alterations in mitochondrial quality control in murine skeletal muscle following Western Diet (WD)-induced obesity and moderate voluntary wheel running (VWR) (Greene et al. 2015) . However, in the liver, these research avenues have not yet been pursued. As impaired mitochondrial quality appears to be a major contributor to reductions in hepatocyte health, understanding the etiology of mitochondrial degeneration under conditions conducive to developing NAFLD may hold the key in developing new and efficacious D r a f t 5 therapeutic strategies for this disease. As such, we sought to define potential mitochondrial regulatory defects in the liver following induction of obesity and whether moderate lifestyle PA may ameliorate these derangements.
Materials and Methods

Animals and interventions
All protocols were approved by the University of Arkansas Institutional Animal Care and Use Committee. We have previously reported phenotypic data on these animals including body weight, fat weight, exercise and glucose tolerance, as well as muscle mitochondrial quality control (Greene et al. 2015) . Wild-type C57BL/6J mice were purchased at seven weeks of age (Jackson Laboratories, Bar Harbor, ME) and housed in a secure, temperature and humidity controlled environment on a 12:12 hour light-dark cycle with chow and water provided ad libitum. To induce obesity, at eight weeks of age, animals were divided into two groups; normal chow (NC, 54% CHO, 17% fat, 29% protein, Teklad, Indianapolis, IN, Product #8640) and Western diet-induced obesity (WD, 42% fat, 42.7% CHO, 15.2% protein, 1.5g/kg of cholesterol, Research Diets Inc., New Brunswick, NJ, Product # D12079B) similar to previous studies (Funai et al. 2013) . After four weeks of diet, both groups were further subdivided into voluntary wheel running (VWR) or sedentary (SED) groups. This design resulted in four final experimental groups: NC-SED, NC-VWR, WD-SED and WD-VWR, n=10 per group. Each animal was singly housed and VWR animals were provided a free moving running wheel. Usage of the running wheel was monitored with Hall Effect Sensors connected to an 8-channel wheel counter interface with appropriate software (Columbus Instruments, Columbus, OH). For the WD-VWR group two animals were identified who did not perform wheel running, therefore, data from these two D r a f t 6 animals were excluded for all subsequent analyses. To control for the effects of acute exercise, running wheels were removed 24 hours before euthanasia. Animals were euthanized at 16 weeks of age using CO 2 asphyxiation and with confirmation by cervical dislocation. Tissues were quickly collected and snap-frozen in liquid nitrogen for later analysis. Mouse tibias were concurrently collected and assessed for total length as an estimate of total body size free of WDinduced weight gain (Perfield et al. 2013 ) and used previously in our laboratory (Greene et al. 2015) ; tibia length did not differ among groups.
RNA isolation, cDNA synthesis and real time RT-PCR
Livers were homogenized as previously described (Greene NP 2014) . Briefly, samples were homogenized in Trizol reagent (Life Technologies, Grand Island, NY) and isolated using a commercially available kit (Life Technologies Ambion PureLink RNA Mini Kit, Grand Island, NY). RNA was then DNase treated, and purity and concentrations were determined using 260/280nm ratios read on a BioTek Take3 microvolume microplate with a BioTek PowerWave XC microplate reader (BioTek Instruments Inc., Winooski, VT). Isolated RNA was reverse transcribed into cDNA using 1 µg of RNA and Quanta qScript cDNA Supermix (Quanta BioSceinces, Gaithersburg, MD) according to manufacturer's instructions. cDNA was diluted to 10 ng/µL, and gene expression was analyzed using a Step-One real-time RT-PCR instrument (Applied BioSystems) and data was analyzed using StepOne Software. For real-time RT-PCR, cDNA was amplified in a reaction containing appropriate primer pairs or probes and SYBR Green or TaqMan Universal Master mix as appropriate (Greene et al. 2015) . PCR reaction was as follows: 4 minutes of incubation, 40 cycles of denaturation, annealing, and extension at 95°C, 60°C, and 72°C respectively. Fluorescence was measured at the completion of each extension cycle. TaqMan probes for PGC-1α, PPARδ, PPARα and HPRT were purchased from Applied D r a f t 7 Biosystems (Life Technologies). SYBR Green primers were designed using Primer-BLAST through PubMed. Primers were designed to produce amplicons between 70 and 150 bp, melting temperatures at 60°C, and forced to span exon-exon junctions. Primer pairs with predicted nonspecific binding were eliminated from consideration. Primers were tested on agarose gel and imaged using ethidium bromide under ultraviolet light to confirm existence of a single signal band at desired amplicon length. Images were acquired utilizing a customized gel documentation apparatus with a Nikon Coolpix L820 digital camera. Targets were quantified using 2 -∆∆Ct methods as previously described (Greene et al. 2014 mtif2, mtif3, Tufm, Taco1, Mfn1, Mfn2, Drp1, Opa1, Mff, Fis1 , Beclin (also known as Atg6), Bnip3, and Atg7 were used as previously reported (Greene et al. 2015) . Fold change of mRNA content was normalized to Hprt Ct values and then expressed as relative fold change from NC-SED; Hprt Ct was not different between experimental groups.
Isolation of Protein and Immunoblotting
Isolation of protein and immunoblotting were performed as previously described in skeletal muscles (Greene et al. 2015) . Approximately 45 mg of liver was homogenized in glass dounce type homogenizers in 0.30 ml of complete protein loading buffer (50 mM Tris·HCl, pH 6.8, 1% sodium dodecyl sulfate (SDS), 10% glycerol, 20 mM dithiothreitol, 127 mM 2-D r a f t 8 mercaptoethanol, and 0.01% bromophenol blue supplemented with protease inhibitors (Roche) and phosphatase inhibitors (Sigma-Aldrich, St. Louis, MO)) according to Alliance for Cellular Signaling protocols and as described elsewhere (Greene et al. 2015) . After homogenization, samples were transferred to sterile 1.5mL microcentrifuge tubes, heated for 5 minutes at 95°C to denature protein and then centrifuged for 5 minutes at 13,000 rpm. Protein concentrations were determined using a commercially available RC/DC assay kit following manufacturer instructions 
Statistical Analysis
The independent factors were diet (NC vs. WD) and PA (SED vs. VWR). For tissue weights, mRNA and protein contents, a diet by PA (2X2) ANOVA was employed as the global analysis for each dependent variable of interest. The comparison-wise error rate, α, was set at 0.05 for all statistical tests. When significant F-ratios were found, a Tukey-Kramer post hoc analysis was used to distinguish differences among means, and data expressed as mean ± SEM.
For histology as data are ordinal in nature, scores were analyzed by Kruskal-Wallis nonparametric test, data is expressed as median ranks + SEM. Data were analyzed using the Statistical Analysis System (SAS, version 9.3, Cary, NC).
Results
Phenotypic data of animals demonstrated an obese phenotype
We have previously reported phenotypic data regarding this cohort of animals illustrating glucose intolerance (a surrogate measure of impaired glucose homeostasis), exercise intolerance, and 36% and 390% greater total body and epididymal fat weight, respectively, in WD fed animals compared to NC which corresponded to ~9g greater body weight in WD groups (Greene et al. 2015) . VWR partially ameliorated glucose and exercise intolerance with no change in body and epididymal fat weights (Greene et al. 2015) . VWR animals ran D r a f t 10 approximately 500-700 meters/day with no difference between diets (Greene et al. 2015) . WD animals consumed approximately 300 kcal more than NC animals across the total 8 wks of the intervention (Greene et al. 2015) .
Western Diet-induced obesity resulted in greater liver weight with little change in hepatic markers of inflammation.
To better understand the phenotypes provided by our WD and VWR regimens, in addition to previously reported muscle weights we further assessed wet weights of liver, brown fat, heart and brain. Tissue weights were normalized to tibia length as an estimate of body size independent of weight, tibia weights did not differ among groups. WD groups exhibited greater liver and brown fat weight relative to tibia length compared to NC groups (30% and 35% respectively, p<0.05; Figure 1A) . No difference was seen in weights of heart or brain between experimental groups (p>0.05; Figure 1A Stearoyl-CoA desaturase-1 (Scd1) mRNA content was 2-fold greater in WD animals compared to NC animals (p<0.05, Figure 1D ). HMG-CoA-Reductase (HMGCR) mRNA content was approximately 5-fold greater in NC animals compared to WD animals, which appears to have been largely driven by NC-VWR animals, though no significant interaction of diet and activity was noted (p<0.05, Figure 1D ). mRNA content of Sterol regulatory element-binding protein (Srebp1) was 1.5 fold greater in VWR animals compared to SED animals with no significant effect of diet (p<0.05, Figure 1D ). Corroborating the histology data, there was no significant difference in mRNA content of inflammatory markers Tnfα between groups, although we did note higher Il6 in in NC-VWR compared to WD-VWR (p<0.05, Figure 1E ). Furthermore, consistent with hepatic Tnfα and Il6 mRNA no inflammation was noted by pathologist in histological analysis of these tissues (Gibson-Corley et al. 2013) ( Figure 1C ).
Markers of hepatic mitochondrial content and biogenesis are altered with Western Diet-induced obesity
CoxIV, a typical measure of mitochondrial content, had a 2-fold increase in mRNA content in NC-VWR animals compared to NC-SED animals (p<0.05, Figure 2A ). Further, NC-VWR was also approximately 2-fold greater than WD-SED animals (p<0.05, Figure 2A Pgc1α mRNA content was approximately 50% lower in WD fed animals than that observed in NC fed animals (p<0.05, Figure 3A) . Furthermore, Pparδ mRNA content was approximately 60% lower in the WD fed animals compared to NC animals (p<0.05, Figure 3B ).
Pparα mRNA content was not different in any groups ( Figure 3C ). Pparγ mRNA content was not different between any groups ( Figure 3C ). Mitochondrial mRNA translation gene content of mtIF2, mtIF3, TUFM, and translational activator of mitochondrially-encoded cytochrome c oxidase I (Taco1) were not affected by diet or PA interventions (p>0.05 for all, Figure 3D ).
Mitochondrial fusion and fission were decreased with Western diet-induced obesity.
There were no differences in Mfn1 mRNA content between groups (p>0.05, Figure 4A ).
Mfn2 mRNA was approximately 40% greater in VWR animals compared to SED animals (p<0.05, Figure 4B ). Though not significant Mfn2 mRNA content appeared to be lower in WD fed animals (p=0.08, Figure 4B) ; however, MFN2 protein content was 50% lower in WD animals compared to NC animals (p<0.05, Figure 4D ). Opa1 mRNA content was lower in WD animals by approximately 60% (p<0.05, Figure 4C ). With regard to fission, Mff and Drp1 mRNA content were 60% and 75%lower respectively in WD compared to NC animals (p<0.05, Figures 4F & 4G) . Furthermore, DRP1 protein content was approximately 30% lower in WD fed animals compared to NC fed counterparts (p<0.05, Figure 4I ). Fis1 mRNA was not significantly different between groups (p>0.05, Figure 4H ). D r a f t 13 
Autophagy machinery was lower in WD, but autophagosome formation and clearance was increased in VWR animals regardless of diet.
A main effect for Beclin and Atg7 mRNA content to be lower in WD animals compared to NC approached significance (p=0.07, Figure 5A & 5B). There was also a mean decrease in total LC3 content in WD fed animals compared to NC fed (p<0.05, Figure 5C ).
. In the current study, LC3-II was also about 50% higher in VWR compared to SED, and approximately 40% lower in WD compared to NC animals (p<0.05, Figure 5D ). The LC3II/I ratio was 50% greater in VWR animals compared to SED regardless of diet (p<0.05, Figure 5E ).
Furthermore, p62 protein content was approximately 40% lower in VWR animals regardless of diet, suggesting increased autophagy (p<0.05, Figure 5F ). Regarding regulation of mitophagy, Bnip3 mRNA appeared lower in WD animals though this effect did not reach statistical significance, (p=0.06, Figure 5G ). BNIP3 protein content was approximately 30% lower in WD fed animals compared to NC animals (p<0.05, Figure 5H ).
D r a f t 14
Discussion
To our knowledge, this is the first investigation to demonstrate dysregulation of mitochondrial quality control processes across biogenesis, dynamics and autophagy in liver following Western Diet-induced obesity. Of note, these effects occurred despite only moderate hepatic weight gain, no signs of hepatic inflammation either by RNA or pathology, and subclinical pathology scores. This suggests that obesity-induced mitochondrial dysregulation occurs prior to the onset of NAFLD. Furthermore, pathology scores suggest potential protection against hepatic degeneration by the inclusion of concurrent moderate voluntary physical activity.
Therefore, we suggest that PA-induced promotion of autophagosome formation and clearance as a result of VWR may serve to protect against the degeneration of the liver in diet-induced obesity.
Obesity is a primary risk factor for NAFLD and eventual NASH. Our WD was sufficient to increase body weight and epididymal fat as previously reported in these animals (Greene et al. 2015) as well as increase liver mass, which appears to be smaller than prior studies with more dramatic liver weights . Previous studies have noted increased levels of inflammatory markers (Joong Park et al. 2010 ) with the onset of NAFLD, whereas we found no increase in inflammation as measured by Tnfα and IL6, which was further confirmed by pathology. Furthermore, pathology demonstrated WD-SED animals reached a median score of 2 which was greater than both NC fed groups and is considered moderate on the scale used in which slides were rated 0-4, all of which are sub-clinical (Burt et al. 2015) . In contrast, in WD-VWR animals were not statistically different from either WD-SED or NC groups, suggesting at least some protection against hepatic degeneration by moderate physical activity. Taken together, these data suggest that we induced an obese phenotype, but had not yet reached a NAFLD D r a f t phenotype in these animals, providing a unique insight into the early stages in the development of the disease. We recognize our animals exhibit low wheel running activity for this strain, while we cannot be certain as to why our animals were less active than previously observed, it is significant that even with the modest physical activity there were still some measurable benefits for hepatic degeneration.
Considering these effects and mitochondrial dysfunction has been observed in NAFLD (Rector et al. 2010) we next turned our attention to the assessment of mitochondrial quality control regulators. Our data demonstrates reduced mitochondrial content as a result of WD as measured by COX-IV and Cytochrome C. Based on this finding and previous research it is possible to postulate that reduced mitochondrial content, in addition to constant lipid overload, may lead to excess mitochondrial reactive oxygen species (ROS) emission (Gusdon et al. 2014) and consequently the development of NAFLD. Unfortunately, at this time we are unable to speculate what mechanism may have allowed reductions in Cytochrome C in NC VWR animals.
While not measured directly, the repression in mitochondrial content and quality control markers in WD animals is suggestive of early impairments in biogenesis, fusion and fission in these animals which precede development of NAFLD. Admittedly, a limitation to the current study is that we were unable to directly measure mitochondrial biogenesis, dynamics, function and degeneration. However, prior studies have demonstrated direct mitochondrial dysfunction (Rector et al. 2010; Fletcher et al. 2014) in hepatic lipid overload. Therefore, our goal was to identify signaling disruptions in mitochondrial quality control that may be critical to these occurrences and provide insight to viable therapeutic targets in hepatic degeneration.
Significant past research has implicated dysfunction in autophagy machinery, and autophagosome formation and clearance as a contributing factor in NAFLD (Mei et al. 2011 ; D r a f t 16 González-Rodríguez et al. 2014; Kwanten et al. 2014; Baena et al. 2015) . We note significant repressions in total LC3 and BNIP3 contents along with suggestions of lowered mRNA of Beclin, Atg7 and Bnip3 mRNAs in WD fed animals, suggesting a repression in some aspects of autophagy machinery at this stage.
Relative to mitophagy, BNIP3 is a specific regulator of this process (Andres et al. 2015) and repression of BNIP3, as observed, likely represents diminished capacity to autophagically remove mitochondria. However, such an impact of obesity on mitophagy needs to be further explored to verify our interpretations. Previous work from our lab has suggested that mitophagy may be driven by PGC-1α (Greene et al. 2015) . Therefore, the reduction of mitochondrial biogenesis, mitochondrial content and mitophagy may suggest that reduced mitochondrial biogenesis precedes alterations in mitophagy which would result in reduced mitochondrial content and a concurrent decrease in mitophagy. Alternately, reduced BNIP3 protein could represent greater mitophagy as a result of degradation of the protein itself during the autophagy process. However, Bnip3 mRNA content showed a similar tendency in WD fed animals as the protein suggesting lower content is due to the gene product being repressed and hence lowered mitophagy. We should note that an apparent reduction in Bnip3 mRNA in NC-VWR animals did not reach statistical significance.
This report adds to the growing body of knowledge demonstrating both increased autophagosomal formation and resolution with PA despite lipid overload in the liver. To assess basal autophagosome formation and clearance, we performed dual immunoblots of LC3 and p62/SQSTM1 similar to prior works (Zhang et al. 2012; Lira et al. 2013; Greene et al. 2015 ).
This methodology is recognized as a valid means to assess autophagosome formation and degradation by the "Guidelines for the use and interpretation of assays for monitoring D r a f t 17 autophagy" by Klionsky et al. (Klionsky et al. 2016) . Briefly, LC3 is altered upon induction of autophagy via phosphatidylethanolamine (PE)-conjugatation to form what is termed the LC3-II form of LC3 and becomes attached to the membrane of the autophagosome, while LC3 presents in the unconjugated LC3-I form when autophagy is not activated. Therefore the ratio of LC3-II to LC3-I provides significant insight to rates of induction of autophagy and has been seen it prior publications to match well with the formation of LC3 puncta, indicative of autophagosomes (He et. al, 2012 ) By contrast, p62 is a cargo protein which functions in bringing aggregate proteins and damaged organelles into the forming autophagosome, as a result upon autophagy resolution p62 itself is degraded and therefore the reduction in p62 content is an indicator for resolution of the autophagy process (Klionsky et. al, 2016) . As such, the combination of these immunoblots provides insight to autophagy activation and resolution, which likely suggests enhanced removal of damaged products and thereby a healthier intracellular environment. Our data of increased LC3II/I ratio and reduced p62 content both in VWR animals suggest an increase in autophagosome formation as well as an increase in autophagosome clearance. Using the same combination immunoblot methodology, Lira et al. (Lira et al. 2013 ) demonstrated that exercise training enhances basal autophagy flux in skeletal muscles and that autophagy is necessary for exercise-induced skeletal muscle adaptations. Furthermore, recent work by Santos-Alves et al.
has found similar alterations in LC3II content as well as LC3II/I ratios in the livers of both treadmill and wheel trained rats, though they noted either no difference or an increase in p62 protein content (Santos-Alves et al. 2015) . This discrepancy may be due to differences between rodent models (rats v. mice) or may be attributable to differences in animal sacrifice protocols (48 hrs v. 24 hrs post-exercise) (Santos-Alves et al. 2015) . These postulates are beyond the scope of this paper, but warrant further investigation. We have in the current study added to their D r a f t 18 findings in demonstrating that the increase in LC3II/I ratio and the newly observed reduction in p62 by VWR occur in both NC and WD fed animals suggesting this impact of exercise/physical activity persists despite the obese phenotype and may serve as a protective mechanism in the hepatocyte. We should acknowledge that in the current study we cannot be fully certain that observed changes in p62 protein are fully attributed to autophagosome clearance and not affected by changes in p62 expression. As others have noted similar findings with exercise and alterations in p62 closely follow those in LC3 assessment of autophagosome formation we have interpreted these data as enhanced clearance, an interpretation that warrants further validation. Future studies should seek to corroborate our findings using additional measures of autophagy including the use of fluorescently tagged LC3 to assess puncta (autophagosome) formation and inclusion of lysosomal inhibitors allowing the tracking of autophagosome formation over a period of time.
We acknowledge that in the current study by our point measurement we are unable to assess autophagic activity over time and thereby interpretations to flux over time are limited. We chose in the current study to avoid these measures to reduce any risk of unintentionally perturbing the system to maintain a basal condition at time of assessment as best as possible.
Furthermore, it is notable that autophagy is the only cellular process dramatically affected by physical activity in the current study. It is also of interest that promotion of autophagy occurred regardless of the obese phenotype. As genetic models of autophagy deficiency induce liver disease (Glick et al. 2012) , and autophagy was the only cellular process dramatically affected by PA we speculate that promotion of autophagy by PA, which appeared to ameliorate hepatic histopathological disruptions, may promote protections against hepatic degeneration despite lipid overload. Future studies should determine if promotion of hepatic autophagy can indeed protect or rescue liver maladaptations during lipid overload as well as corroborate our D r a f t 19 findings using additional methodologies. Our combined evidence suggests that at this stage of disease progression general autophagy machinery is repressed, while specific mitophagy is impaired.
In summary, our data suggest that WD-induced obesity represses some mitochondrial quality control mechanisms with only 8 wks of moderate lipid overload though we do recognize the measured markers of our study only show a small portion of these processes and not the entire picture. These mitochondrial impairments may precede other detriments associated with NAFLD and NASH such as inflammation and increased fatty acid synthesis. We are also the first to provide evidence of enhanced autophagosome formation and resolution in the liver following habitual PA, regardless of lipid overload. This may provide a novel mechanism by which PA protects against hepatic degeneration during pre-steatotic and NAFLD conditions. Xu, J., Cao, K., Li, Y., Zou, X., Chen, C., Szeto, I.M., et al. 2014 . Bitter gourd inhibits the development of obesity-associated fatty liver in C57BL/6 mice fed a high-fat diet. J. Nutr. 244x214mm (300 x 300 DPI)
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